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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEIORANDUI NO. 588

SPEED AND PRESSURE RECORDING IN THREE-DIMENSIONAL FLOW

By Dr. F. Krisam

Van der Hegge Zijnen's spherical Pitot tube with its
5 test holes insures a simultaneous record of static pres-
sure and magnitude and direction of velocity in three-di-
measiopal flow. The report treats the method as well as
the range of application of this Pitot in the light of moﬁ—
ern knowledge on flow around spheres.

1. GEJERALITIES

None of the testing devices used heretofore were sim-
{ ple and a2t the same time accurate enough for precise deter-
mination of three—dlmen51ona1 flow. The standard Pitot

E tubes of Prandtl, Brabee and others are unsatlsfactory Tor
measuring the flow in bends, or back of turbine runners.

To be sure, there has been no lack of attempts to obviate
this defect by new designs.

As to the history of this spnerical Fitot tube, van
der Hegge Zijnen himself has written a very detsiled revort
on it ** (Reference 1.) According to this report it is an
improvement of Borren's three-hole Fitot. (Reference 2.)
Borren in turn had borrowed the idea fron Cordler (refer-
ence 3) and Ellon (reference 4).

R R

»

* ﬁber die Messung von Geschwindigkeit und Druck in einer -
dreidimensionalen Strbmung. From Z.F.M., Vol. 23, Fo. 13,
July 14, 1932. pp. 369-373.

** Verbetered instrument ter bepaling van den stabtischen -
@ruk, de grotte en richting der stroomsnelheid van vloei-
stoffen. Pe Ingenieur, Vol. 44, To. 28, 1928,
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2. DESCRIPTION OF FITOT 'AND TEST METEODS

The instrument consists of the Pitot sphere a it-
1f, a shaft b and gradvated disk c. (FPiz. 1.) ‘he
sressure holes are arranged on two mutnally perpendicular
ridians. Scale ¢ 1is so fastened that its zero point is
the same plane as holes 1, 2, and 3; 2oles 4, and 5 are
spaced exactly alikxe from hole 2. :

el

= oo

e
i

H

In a test the instrument is continously rotated about
shaft b mwuntil the manometers hooked up to noles 4 and 5
have exactly the same deflection. Then meridian plene -1,
2, andé 3 is  in the direction of the flow and angle a Dbe-
tween meridian plane 1, 2, 3 and an arbitrarily assumed
fized reference plane can be read on scale 3.

If° hl’ 'h‘.a etc., are the deflections of the manome-
ters connected to the individual pressure holes, then

hy = p/y + %, ¢ /28,

hy = p/v + I, c?/2g etc.

‘where -p/v is the pressure withia the flow, ¢ the magni-
tvde of the velocity and Xk, , ks etc., the coefficilients of
the individual holes. As to thése coefficients, it is as—
sumned for the present that they are indevendent of the mag-
nitude of the velocity aud dependent solely on aangle §,
i.e., the angle between flow direction and axis of 1ole 2.
Cn the basis of this relatioaship it must be possible to
cetermine angle & in some way from the different magni-
“tude of the individual test pressures.

Thus
hy - hy = ¢®/2g (&, - ),
, 0y - hig hy - hg Ay, =~ hy
c?/2g = = — = etc.
ko - I I, - & by -
1 2 2 3 2 4
and .
= i . =)
p/v = hy, -k, c®/2g = hg ~k, ¢ /28 etc.
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3., CORFFICITITS

It follows fraom the foregoing that tke ambit of prac-
tical use of the Fitot as regards the coe;f1c1ents Iiinges
on the following:

a) that the coefficients obtained are reliable
enou h'

b) that tne 1nterdenendence of the dlfferent coef-
ficients on & lencs ‘itself to unegquivocal
interpretation of §; :

c) that the coefficients are unaffected by the
magnitude of the velocity within a wide enough
margin;

d) +that the surface presgures of the sphere are sym-
metrically divided with reswect to meridien,
1, 2, 3, so that angle o can actually be de-
termlned fron the equality of the test pres—
sures "5t gnd "an,

Eeferring to a, there are two ways of definiang the

coefficients: test (calibratiodn) and calculus. After all,

calibration alone affords reliable figures, because the
mathematico-theoretical deternination of these coefficients
must be carried out under simplifying hypotheses (idealized
flow). The potential theory of the frictioamless fluid ner-
mits tiae determination of the pressure distribution aloug
the surface of a solid in a flow. For the special case of
the sphere (omitting the shaft equation) the ‘calculation
. becomes especially simple. The superpositien of a pdrallel
flow of velocity co and the flow of a spatial double
source.yields the velocity potential of the flow round a
spirere (reference 5) at: -

= cw x (14 e
\

B Appropriate differentiation then affords the individ-
ual velocity components, and c® = c-zx + c2_ + c2 vyields
the magnitude of the velocity at any point. Our 1qterest
in this case, is coanfined to the conditions on the surface
of the sphere (r = R). TFor it the velocity becomes
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- 2
2 - . 2 - x°
Qo. Cw” 9/4 (1 3 )

and the pressure, according to the Bernoulli equation,.

: . : cmg' -9 Xz' 5\
P/'YO- = P/_'YOD + E_g— (Z 5 Zj‘
Hefein'the term in the braclkets is identical with ocur coef-
ficient k. Putting cos &' =X, (see fig. 2), yields
- v o= 1/, (9 cos 8! - 5)
- 4 .
For &' =0 (forward stagnation point), k= 1. The prés—
sure reversal point (k2 = 0) lies at
cos &' = d?;:i. e. &' = an®

This theoretilical pressure distribution sets up no
sphere reésistance in the flow direction, because the pres-
sure Gistribution is perfectly symumetrical across the front
and regr side. In the real fluvid the pressure ricse oun the
rerr side of tie sphere comes only partly intq-beihg becruse
of the separation 6f the boundary layer, and thée resuvlt is
a certain "form resistance" in the direction of flow. On
toe frount side of the sphere, where the influence of the
friction is confined to a very thin layer, the actual end
tiae thieoretical pressure distribution are amply in accord.
Figure 3 shows the theoretical X curve as well'as some
arrived at by experiment. ZFor comparison tire calibration
curve of vressure Lhole 1 was chosen, hecsuse on'‘it tie cis-
turbing influence of the suaft is least noticeable., In
stite of the satisfactory agreement, the calibration of the
FTitot cen not be foregone for practical use, even if ounly
on account 0f the mathenmaticelly hard to define disturbence
of the pressure distridbution in the viciaity of the shaft.
Figure 4 is a set-up for calibrating thie Pitot in a loang,
straight »Hipe, as used by the Xarlsruare Instute for Jlow _
researcite The tegt station lies in tie center of a gstraisht
pipe of about 12,000 mnm leagth and 120 mm diameter. For
comparison a standard Prandtl: Pitot was wmounted at thae same



(@]

N.A.C.A. Technical Memorandum Wo. 688 -

station. Both are 35 mm away from the axis; the symnetry
of the velocity profile on the test station was checkxed by
- repeated measurements, The calibrations were always ef-
fected with water. The installation method permitted the
adjustment of different angles of flow & Dby swiangineg the
ﬂ whole instrument, and the setting of the manometer deflec~
tioa (4 - 5) = 0O Dby rotation about the' shaft. One or the
‘calibration curves obtained in this manner is reproduced in
Fizure 5. The shape of curve k , follows from the posi-
tion of hole 4. Holes 4 and 5 each are at about 51° away
-from hole 2. If 8§ = 0 at hole 2, it is already = 51° at
hole 4, and rises as &8 increases. ' Coasecuently hole 4
lies always in the "negative pressuare zonei This curve
k, can equally be computed theoretically by the cited
method, provided that the somewhat changed angles of flow
are taken into account. This calculation could be foregone
here because no more than a scattered accord with reality
could be expected on account of the counsistently very high
"angles of flow. One can distinctly recognize the addition-
a2l pressure rise due to the shaft at holes 2 and 3 closest
to it. The influence of the shaft has somewhat shifted the
whole pressure field toward the direction of + §. 1In Fig-
uvre $ the manometers are rigged vp for calibration. The
leads can be flushed from both directions. - According to p
the magnitude of the deflection, the manometers are filled/
with water. or acetylene tetra bromide (specific gravity
= 2.,08). Reading is by special device, that insures very
convenient and exact work.*¥ During calibration the range
from § = + 609 to & = - 80° was repeatedly covered at
5° iantervals, so that there is absolutely no occasion for
any accidental error in resding.

Referring to b, with the calibration the coefficients
of the individual holes are computed by the agency of guan-
tity p/w and ¢®/2g measured by the standard instrument.

It is

: _ 2g |
£ (n, -~ p/v) and ¥, = 2& (n, - p/v)

i =

1

[ [1av

The course of the individual curves can be followed in
Figure 5. Now the manometver recadings h,, h etec., are to

e - FRUTEE 2

* See Irisam-Lorenz: Techaical keasurements in the Insti-
tute for Flow Machines, by tlie Tecuunical High Sctiool, HKarls-
ruie. Dié Megstecunik, 1920, N
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reveal a criterion that obtains to the uneguivocal defini-
tion of angle 6. Such a criterion is the relation

~or for Shoff;'kg.

. ka isg uneguivocally and con51stent1J dependent of
8y and. in a range of practlcally + 60° . to - 609, Tne
next step is to express kg Dy the manometer deflections,
because ki , K, ... values are determined subsequent to

2
thhe measurement.

_;5 B A I

Referring to ¢, the paramount assumption on whose jus-
tification the applicability of the spherical Pitot stands
and falls, 1s the independence of the coefficients from the
magnitude of the velocity. On this subject the resistance
curve of the %pnere*(reference 6){see fig. 7) can yield
some information. " The resistance 0f the sphere depends on
the typre of pressure ‘distribution.  Comns equeat]y, it is
readily surmised that this distribution remains the same
waen the resistance figure of the sphere remains unchanged
by Adifferent flow velocity. The resistance is practically
constaut w;th&n range of the Rcvnolde Humbers

R=2¢D - 2x 10°to 1.5 % 10°

according to Figure 7., This correSﬂonds to an air speed of

about 26-200 m/s and a water speed of about 2-16 m/s for a

spaere of 12 mm dismeter. The upper speed limits &re sel-
don reacle ed, but the low l1imit seems to0o be a little hizgh.
Still, the, variation in resistance coefficient below
R =2 x 10  to about 2 x 10% is so small, as to bring the
low limit for the constancy of pressure distribution and
couseguently of the coefficients probably below 1.0 m/s for
water and 13 a/s for air with this 12 mi sphere. These
conjectures are confirmed by a number of eqomuions and.
pressure mneasurements on spheres at different Reynolds Hum-
bers. (See table.) o AT e

* nmftte, Vol. I, 2bth edition, p. 374.

st
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'AExperimentﬁ"Medium"-Sﬁhere - m/s Speed | Reynolds Tumber
| : ! 3 — - :
by ! ¢ mm min max Rmin Roox
lieyer L air 10 5 30 3.8x10° |1,9x10%
v. a. H. | - .
Zijnen b 12 - 20 - |1.5x10*
. i 2
.. Br misch* water 20 0.05 | - 7.47x10 -
' 4 .
38,2 0.47710.93| 1.75x10 |2.81xl0-
Karlsruher A
Institut " 12 3,0 4.5 2.9x10 4,4x10
fér Stro-: u “12 1.0 |6.5 | 9.6x10° 15.3x10%
QUL g §Y0E §- 4 5 1.0 5.5 " 4 x 103 }2.2x10%
chinen ' : o

Teither Meyer's nor the’ Yarlqruhe e :periments reveal
a measurable change in coefficient in spite of the markedly

different Reynolds
~the lowegt 1limit with the 20 nm sphere,
spheres in the same tunnel of only 150 mm height,

Tamber.

Ermisch,

‘wiao possibly reached
studied the two
so that

in his experiments the effect of the walls naturally had to

be different.
manlfest a surprising accord up to about 70°
and no’ dev1at10ns otcur at angles below that.

But at that,

should be remembered that at more than 70°,
hole lies in the eddy zone of the sphere, where ah exact
Thus Meyer's

tests at 70°,

. from one another_at different speeds. Ka
likXewise encountered these obstacles at large angles.

‘measurement is of itself already difficult.
also revealed somewnat wider digscrepancies
The Karlsruhe tests

his pressure d1str1but10n curves

angle of flow,

Besides, it

the pressure

But

tiiere was absolutely no sign of dependence on the speed.
Repeated tests at constant speed evinced the same percent-
age. discrepancies of the individual measvrements as in a

series of tests with different speed.

In measurements

within this range the difficulties therefore seem to lie in

the principle.

cordant mean Value by dlffeLen

However,

the discrepancies in the individual
. measurements were not so great as to vitiate a..good and ac-

obgervers and tegst programs.

Aacaen,

0. 6.

... % Reports fn&ﬁ ﬁhe.Aerbdynamic Institute of the Technical
High School,
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So on the basis_ of these experiments it may_be averred that
the coefl1c1ents of:the spherlcal Pitot are constant for
Reynolds ﬂugbers from 3.5 X 10 to beyond 1 x 10°%

, Referring to 4, pressure. "holes 4 and 5 are equ1dlstant
from hole 2. Angle o is defined through the equality of
their pressure records. (Fig. 1.) It therefore is to the
interest of a maximum sensitivity of adjustment when holes
"4 and 5 lie on a point with maximum pressure gradient. Van
d. Hegge Zijnen found in his experimenis that the pressure
(coefficient) curve had its maximum slope at about 500, and
80 arranged holes 4 and 5 accordingly. It is clear that

' only a symmetrical pressure distribution on the sphere per-

mits its use as measuring instrument in the above sense.

_ In his pressure meéasurements on a sphere at different
speeds (referenceé 7) Krell encountered marked dissymmetries.
But it seems as iIf Krell's measured and observed peculiar-
ities (unstable pressure distribution) were primarily due
to experimental technigue, to which no ordinarily valid
character should be ascribed. Within .the critical Reynolds
Humber (see fig. 7) the pressure dis stribution is unsymmet-
rical ‘and unstalbe, and the resistance coefficient drops
very abruptly. That the distribution is symmetrical, at
legst in the suberitical range, can be legitimately assumed
according to the reports:of various other observers. For
instance, there are Ermisch's experlments with very symmet-
rical pressure distributions in the subcritical range for

spheres. as well as circular cylinders. This observation on
circular cylinders is noteworthy, because here an unsymmet-
rical.distribution is rather -expected because of the forma-
tion of the Karman vortex street. ZEisner's* experiments
“on-circular cylinders are likewise interesting in this re-
spect. He founnd the distribution symmetrical in . the sub-
critical range, and markedly asymmetrical in the critical
range (sudden drop in coefficient of resistance), accom-.
panied by pronounced lateral motions (analogous to Zrell's
experiments at ¢ = 50 m/s). But in the supercritical
range the distribution is in principle other than in the
subcritical zone, although it is essentially symmetrical
again., ZEisner measured the pressures on both 51des simul-
taneously.

~* Eisner: Resistance Measurements” on Cylinders. Mitt.
Preuss. .Versuchsanstalt flir hasserbau und Scniffbau, Berlin,
No. 4, 1929 . - " B
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Lastly;, even theée: nuimerous experiments in the Xarlsruhe
Institute-for flow research in water as well as air, failed
to show any signs indicative of asymmetrical and unstable
pressure ¢éonditiohs on.the sphere,

4. ERRORS IN SPHERICAL FITOT MEASUREMENT

In the foregoing it was attempted to prove the partic-
ular fitness of this type of Pitot for three-dimensional
flow research. The handling is comparatively easy, the:
range of application ample for practical purposes.

The main difficulties consist in the fact that the
measurement "is made on a circular surface of a certain size
rather than at a point. This fact is, above all, manifest
when the flow space to be examined is relatively small.

For manufacturing reasons it is hardly possible to make
spheres of less than 12 mm. (The manufacturer, the R.
Fuess Company, Berlin,tells me of being able to supply
spheres of 8 mm diametér.) nis siee is satisfactory for
wind-tunnel study, but not for experiments with water, .
where the cross sections available are mostly much smaller.
The spherical Pitot shares this defect, more or less, with
all the other conventional Pitots. On-the other hand, the
difference between the orderly parallel flow with uniform
velocity distribution of definite degree of turbulence in
the calibration and the altogether arbitrary character of
the test flow is more pronounced in the spherical Pitot
than in the other types. The degree of turbulence in the
calibration other than in.the experiment is an inevitable .
source of error in all dynamic pressure apparatus. Besides,
the spherical Pitot can only be calibrated in a unaniform
parallel flow, consequently, its use in a flow with marked
velocity or pressure gradient. : R :

éiE or 9P

Ay oy -

is an added source of error, which defies evaluation ex-

—cept. in especially isolated cases. 'Cn top of this is the

-source of error involved by the wall effect on the coeffi-
cients of the sphere in measurements in wall vicinity. Or-
‘dinarily, the wall proximity lowers the coefficients of the
holes on the half, countiguous to the wall. For thé situa-—
t;qﬁ”iﬁﬂ?igure 8, for ianstance, the greatest effect ig. at K,
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‘less -at - ,é ;and .K,..  The-change-in these two is prooablv
11dent1cal so that dlfference Ke"-Ké is changed little. .
But"c'/Bg “is computed f;om —%———=% , so0.the error in-

4& .
duced by wall vicinity is, as a rule, not very great. To
compute the pressure in the case of Figure 8, tap 1 is ex-
pedient: . e

p/y = hl - kl c?/Zg

Tﬂe conditions are-a]together similar when the othef'
half of the sphere is in wall proximity. Summed up the
principal errors involved are:

“1) Measurement on a relatlvely large circvlar sur-
face, not in a p01nt.

*2) Turdbulence dlfferent in, callbratlon than in ex-
perlnent.

_ 3)” Calibration in steadJ parallel flow, application
in flows with uneven velocity distribution.

“:f“4) Changed coefflclents of measurements in proximity
: : of wall.

_ However, the greater number of these sources of errors
apyl]es equally to any other type of dynamic pressuvre re-
bOLdlng apparatus.

5. MEASUREMENTS WITH SPHERICAL PITOT

'In spite of these shortcomings, very satisfactory re-
sults can be achieved with this type of Pitot, as seen from
the experiments made in the Karlsruhe Institute for flow
research. To illustrate: TFigure 9 shows the test data in
the suction pipe throat of a Kaplan turbine (a high-specif-
ic-speed propeller type of turbine with externally adjust-
able propeller blades). The runner was removed and a num-
ber . of radial guide vanes took the place of the dlstr1butor,
tnus fornlng 4 case of pure meridional: flow. There are on-~
1y ‘two:avenues of checklng the accuracy of the measurement:
flrstlJ, ‘the vélume of ‘water computed from-the" velOClty
p;oflle must corresnOnd to that measured on the overfall "

. weir; dedondly, ‘the total energy at the test station must
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approximately equal the total gradient, because the fric-
tional losses are inferior as far as the test station. The
radial setting of the Pitot Jlelds the velocity components
with the angles of Figure 1.

I

Axial component ¢y = c cos § sin a

Peripheral component ¢, = c c0s.§ cos a

1l

Radial component c sin §

Cr
The volume of water passing through is

Q=2n/r c, dr at 233.5 liters/second

whereas the test weir showed 228 llters/second The dis-
crepancy of about + 2 per cent is slight relative to the
sigze of the Pitot (12 mm by 87 mm test space). The test
gradient was 1 m, thus making the total energy = Q H v =
228 mkg/s. The total .energy according to the measurements
ig:

E=20«v f(p/y + b + c?/2g) r c, dr at 233.5 mkg/s

in contrast to an anticipated E = 228 (1.02)° = 241.8 mke/s
because cg5 1s already afflicted with 2 per cent error,
and this error occurs in the formula in the third power.
The difference of about 3.5 per cent between the measured
and the theoretical amount of the energy now reverts in
part to the friction, and in part to the measuring error
when defining the pressure. The cross sections themselves
show the existence of a minor ¢y component despite the
guide vanes. Conformably to the slope of the bounding
walls there is a positive ¢y component on the outside,
and a negative one at the hub. The lag at the hub of the
ruaner, resulting from the increasing cross section becomes
nanifest in the pressure rise (p/w) as well as in the .
flattened velocity profile.

The flow in Figure 9 was st111 quite orderly, and
could have bBeen 6Btainéd equally well with- standard -Pitots.
But it is different in Figure 10* which shows the outflow
from a XKaplan turbine runner under partial head, measured

* The curves of Figures 9 and 10 are extrapolated for 1 m
gradient. The actual test gradient was 4.8 m.
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on the . same place ‘as the dlagrams accordlng to Figure 9.
‘Here the control of the amount of water yields an error of
+ 0.8 per cent only; guite satisfactory results in spité of
the markedly changing velocity across the measuring space.
Thiese two examples were talken at random from a great number
of experiments, and are no accidental results. (Refere:ce
8.)  Such relatively great measuring accuracy is indicative
of the possibility of practical elimination of the differ-
ent errors. ! ' '

As coancerns the practical use of this sphericel Fitot
we point to manifold control possibility which consists in
being able to compute the velocity (and the pressure 2lso)
in a different manner, for erample:.

. ) .
5 h; - h, hy, --hy hy, - Dy
c/2g = X X = = = —————— etec.
T - 2 Lo = J.Ca Kg~ £Lg
Cyf : In geaeral, the readings on the holes outside of tle
/ eddy zone should be used for computing velocity and pres-

sure, because the measurement within the eddr zone is al-
ways somewhat less accurate than on the forward half of the
sphere. .
'.
Translation by J. Vanier,
Hational Advisory Committee
for Acronautics .

/ 1
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> distribution of a distribution behind

meridional flow. a turitine runner.



